The preservation of local autonomy and the atomic commitment of global Lransactions present conllieting exigencies to the design of mullidalabase transaction management systems. In this paper, we investigate a forward recovery approach to the atomic commitment of global transactions while al the same lime preserving local autonomy. A theoretical basis for the application of forward recovery to the atomic commitment of global transaclions is developed. In particular, we examine the effect on atomic commitment of the intrinsic semantics of global transactions, as manifestcd in value dependency rela.tionships. The atomicity of a global transaclion is thus ensured through a controlled commilment order ofils global subtransactions, while its a.bortcd global subtransactions are rctried. A global atomic commitment protocol is grounded upon the proposed theory.
Introduction
The preservation of the atomicity or semantic atomicity [7] of global transactions in a multidatabase system (MDBS) has been recognized as a substantial and as yet unresolved challenge [15, 8] . A global transaction in this context consists of a series of global subtransactions, with each global subtransaction being executed at a component database system of the MDBS. The goal of atomic commitment in this context is to ensure that either all of the effects of each global transaction are made permanent in databases or any partial effect of a global transaction is undone to retain multidaLabase consistency. A two-phase commit (2PC) protocol has been proposed for traditional distributed database systems to ensure the atomicity of global transactions [1] . This protocol relies on the ability of local database systems to support a prepare-to-commit state, in which a transaction has not yet been commiUed but is guaranteed the ability to commit. It has been shown in pO, 14] that the 2PC protocol is inadequate to the maintenance of the atomicity of global transactions in the MDBS environment. Some local database systems may not support a prepare-to-commit state. It
• Lnlergrnph Corporation, HUfllsvillc, AL 35891 'UniSQL, Inc., 9390 Resellrch Blvd., Auslin, TX 78759 may also be a violation of local autonomy to require local database systems to provide prepare-to-commit states. Thus, the difficulty of ensuring that a single logical action (commit or abort) of a global transaction is consistently carried out at multiple local siles is considerably increased by the demands of local autonomy.
In this paper, we investigate a theoretical basis for the atomic commitment of global transactions in the MOBS environment in which the local database systems are required only to ensure serializability and recoverability [1] ' In the proposed formulation, the atomicity of global transactions is ensured through an extension of the retry approach [13] . This methodology differs from the retry approach proposed in [13] , where the execution of a global transaction at one site is independent of its execution at other sites, with no value dependencies [5] present among the subtransactions of a global transaction. In contrast, the present theory permits value dependencies to be defined among the sub transactions of a global transaction. This investigation of the effect of the value dependencies of global transactions on global transaction management is strongly motivated by the nature of applications. Commonly, many applications involve data transfer among different local database sites, which will resull in value dependencies among the subtransactions of a global transaction.
The formulation of this theory rests upon the observation that the semantic information inherent within global transactions may be incorporated into the retry approach as a means to control the commitment order of the global sub transactions of each global transaction. A fundamental property of global histories, termed global committability, is formulated which defines a necessary condition for a global subtransaction to be retried without violation of multi database consistency. The class of global transactions that can be executed in the MOBS environment is thereby extended by allowing value dependencies to be defined on global transactions. An atomic commitment protocol based upon this theory is proposed which ensures the atomicity of global transactions in the MOBS environment. This paper is organized as follows. Section 2 introduces the system model and the terminology to be employed, while Section 3 discusses the crucial problems presented by the retry technique. In Section 4, we propound a theory of global committability. A protocol that implements the proposed theory, enabling reliable global transaction management, is outlined in Section 5. A discussion and concluding remarks are offered in Sections 6 and 7.
The Multidatabase System and Related Terminology
We shall consider an MOBS to comprise of a set of {LOBSi, for 1 :S i:S m}, where each LOBS; is a preexisting autonomous database management system on a set of data items at local site LSi; a set of servers associated with each LOBS; and a global transaction manager (GTM) which is superimposed on the LDBSs and servers. Global transactions are submitted to the GTM, while local transactions are submiLted to the LOESs. As a necessary assumption of this paper, we presume that the concurrency control and recovery mechanisms of LOBSs ensure serializability and recoverability [1] . However, no restriction is imposed on these mechanisms.
We assume lhat the GTM submits global transaction operations to the LOBSs through the servers, which therefore act as the interface between the GTM and the LOBSs. The operations belonging to one , global sub transaction are then submitted to an individual LOBS by the server as a single transaction. We also assume that the completion of these submitted operations is acknowledged by the LOBSs to the GTM through the servers. The GTM can control the execution order of global transactions by controlling their submission.
Following [1] , we assume the availability of four basic database operations; rex), w(x), c, and a, where c and a are commit and abod termination operations, and rex) and w(x) are read and write operations in a local database. We shall alternatively use rex, v) (or w(x, v)) to denote an operation which reads (or writes) a value v from (or to) data item x. A transaction is <I. partial order of read, write, commit, and abort operations which must specify the order of conflicting operations and which contains exactly one termination operation that is the maximum (last) element in the partial order.
In the MDBS environment, a local transaction is a transaction that accesses the data items at a single local site. A global transaction is a set of global sub transactions, within which each global subtransaction is a transaction that contains all operations accessing the data items at a single local site. A global transaction may contain more than one termination operation, with one such operation provided for each subtransaction.
A global sub transaction Gij denotes a global subtransaction of G i accessing LOBSj. We say that Gij, is value
if the execution of one or more operations in Gij, is determined by the values read by Gij" ... , Gij,_I. We a'>Sllme that value dependencies are the only relationships defined among the global subtransactions of each global transaction.
A history over a set of transactions is a partial order of all and only the operations of those transactions which orders all conflicting operations and respects the order of operations specified by the transactions.
A more formal definition of a history can be found in [1] Following the traditional approach, a database state is defined as a mapping of every data item to a value of its domain, and the integrity constraints on these data items are used to define database consistency. A database state is considered to be consistent if it preserves these database integrity constraints. A mullidatabase state is consistent if it preserves all integrity constraints defined in the MDBS environment.
Forward Recovery Approach
A forward recovery approach which utilize the redo and retry techniques has been proposed in the literature to address the issue of atomic commitment in MDBSs. The redo technique initially proposed in [4] and later elaborated in [2, 12] acts as a pseudo-2PC, with servers rather than the LDBSs considered as the participants. If a global subtransaction is aborted by an LDBS after the GTM has decided to commit the global transaction, the server at this local site submits a redo transaction to the LDBS for execution. This redo transaction consists of all the write operations performed by the global subtransaction. Multidatabase inconsistencies may arise if some local transactions are executed after a global subtransaction is aborted and before its redo operations are executed. Thus, the redo technique requires that the data items accessed by global sub transactions must be different from the data items accessed by local transactions at a local site.
In the present context, since we are considering the environment in which the updating of data items is not clearly differentiated wiLh respect to global and local transactions, we shall therefore focus our investigations upon the application of the retry technique.
The retry technique as applied to the preservation of the atomicity of global transactions allows each global subtransaction to commit unilaterally and requires the retrial of aborted global subtransadions. We say that a global subtransaction is relnable if it is guaranteed to commit after a finite number of retrials when executed from any consistent database state. This retriability does not guarantee that the commitment of a retried global sub transaction will always ensure multi database consistency. Some difficulties may arise if one global sub transaction has a value dependency relationship with another global subtransadion. Iflocal autonomy prevents the global transaction manager from blocking the execution of local transactions after a global subtransaction aborts but before it is retried, then the execution of such local transactions may result in the resubmission of the sub transaction creating multidatabase inconsistencies. The following example illustrates this situation.
Example 1 Consider an MDBS that has data item a In LSI and bin LS 2 • Let the inlegrity constraint be a + b = total Jor a data item total. Suppose a transferring global transaction below is executed:
where Gil~vd G l2 . Lei U8 To prevent such inconsistencies, an approach is proposed in [13] that stipulates that no value dependencies may exisL between the sub transactions of a global transaction. In this formulation, the execution of a global transaction at one local site is semantically independent of its execution at other local sites.
Another anomaly of the retry technique appears when serializability is held to be the correctness criterion for the execution of local and global transactions.
Example 2 Consider an M DES that has dala item a in LSI and data item b in LS 2 . Let global transactions
G I and G 2 be submiUed:
The following global history; is tlien serializable: H : wGll(a)wa,,(a)wa.,(b)wa,,(b).
Suppose 12 and G 21 in any order will result in a non-serializable global history.
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Problems such as those illustrated above arise in the MDBS environment as a result of the requirements of local autonomy. Globally uncontrolled local transactions at each local site may be executed in an interleaved fashion with global sub transactions, and local sites may unilaterally abort global subtransactions without agreement from the GTM. We must therefore develop a method which permits the GTM to guarantee the retriability of global subtransactions while preserving multidatabase consistency and local autonomy.
Global Committability
In this section, we shall investigate a method of forward recovery, which is an extension of the retry technique to atomic commitment. This method of forward recovery defines a property on global histories, termed global commiUability, which preserves the atomicity of global lransactions by scheduling the commitment order of global subtransactions and retrying (or resubmitting) aborted global sub transactions. Global committability facilitates the definition of value dependencies in global transactions. No restrictions other than serializability and recoverability need be placed on local sites.
Our discussion is predicated upon the assumption that serializability (1] is maintained as the correctness criterion for the execution oflocal and globallransactions. Let We claim that, if global subhistories are globally committable, then they are prefix local extension-closed.
Consequently, every uncommitted global subtransaction is retriable at the globallevcl without both violating mulLidatabase consistency and placing restrictions on local sites. The following theorem is illustrative:
Theorem 1 If a global subhislory Ha is globally committable, then Ha is prefix local exlension-closed.
Proof: Let He be a global subhistory and C(H~) be the committed projection of any prefix H~of H a .
Without loss of generality, suppose a global sub transaction Gij in 9 is executed but not committed in H".
We need to show that G ij can be retried without violating multidatabase consistency. We first consider the effect of the retrial of Gij on the execution of Gi in H~. Since He is globally committable, any global sub transactions of G i which are value dependent on Gij must not have committed in Hb. Let Gil, which is value dependent on G ij , also be executed in H g but not yet be committed. Gil can be aborted and resubmitted for execution if the retrial of Gij would result in inconsistency in the execution of Gil. As our model assumes that value dependencies are the only relationships in effect among the global sub transactions of each global transaction, G ti can be retried without violating multidatabase consistency relative to other global sub transactions of G j . We then consider the effect of the retrial of Gij on the execution of global transactions other than Gj. Since 11(; is globally committable, any global sub transactions of different global transactions from G i which must be serialized after G,'j must not have committed in Hb. Let G};j be a global sub transaction which is executed in 11b and serialized after Gij at local site LSj. Tf the retrial of Gij results in a situation in which the serialization order of Gij will follow the serialization order of G tj , then 
Corollary 1 If a global subhislory IJ g is globally commillable and each global sub transaction in () is retriable, then the atomicity of global transactions in g can be preserved.
The maintenance of the intra-committability of global subschedules at the global level is determined by the characteristics of the value dependencies defined on the global subtransactions of each global transaction.
Such value dependencies can be described by a graph as follows:
Definition 4 (Value dependency graph) A value dependency graph of global transaction Gi, denoted VDG(G i ), is a directcd graph whose nodes are all global sublransaclions of Gi and whose edges are all
The acyclicity of value dependency graphs provides the necessary and sufficient conditions for maintaining global subhistories as intra-committable. More precisely, we have the following theorem:
Theorem 2 A global s1Jbhislory llf) is intra·comml-llable if and only ifVGi E 9, VDG(G;) is acyclic.
Proof: (I) Assume that VG j E 9, VDG(Gj) is acyclic. Then, for any G i in 9, VDG(G i ) may be topologically sorted. Without loss of generality, let Gil, '.', G'-m be the nodes ofVDG(Gi) and il, ... ,im be a permutation of 1,2, .. ,m such that Gij"G'-h, ... ,G ii ... is a topological sort of VDG(Gi). This order ensures that the commitment orders of the global sub transactions of Gi conform to the definition of intra-committability.
To illuslrate this, let Gil and Gil: be subtransactions of G i such that G jl is value dependent upon Gil:. By the definition of VDG(Gi), Gil: _ Gil is an edge in VDG(G i ). Thus, Gik must appear before Gil in the topological sort G ti " Gih, ... , Gjj .... If the commitment order of all subtransactions of Gi follows the order of Gij" G ih , ... , Gij ... , then G,'}; commits before Gil commils. Hence, 11e is intra-committable.
(2) Assume that H{i is intra-committable. We need to prove that "IG i E g. VDG(Gi) is acyclic. Suppose, for any G. in g, there is a cycle in VDG(Gi) and, without loss of generality, let that cycle bc Gil -Gi2-, ... , -Gi/; -Gil. These edges imply that Gil must commit before Gi2, which must commit before G i3 , which must commit ... bcfore G i /;, which must commit before Gil. As a result, the commitmcnt of each global subtransaction rests upon thc commitment of another subtransaction in the group of global subtransactions Gil •... , G i /;, producing a commitment waiting cycle. Thus, Gi cannot be intra-committablc, contradicting the initial assumption. Hence, 'riG. E g, VDG(Gi) must be acyclic.
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Theorem 2 precisely defines the limits on the application of the retry approach to global transactions which are allowed to have value dependencies among their sub transactions. In such a situation, full local autonomy is preserved, as no restriction need be placed upon local sites to maintain intra-committability.
We shall now turn our attention to the preservation of inter-committability on global subhistories. Here, the fundamental conccrn rcgards the possibility of determining the serialization orders of global subtransactions at the global leveL Much rescarch of both a theoretical and a practical naturc has been directed to determining the serialization orders of global subtransactions [9, 3, 2, 16] . In particular, the ticket mcthod [91 and the extra operation method [16] alTer approaches to detcrmining the serialization orders of global subtransactions at the global level while requiring only the maintenance of serializability at local sites. As these approaches arc applicable to our scenario, further discussion of this subject will not be presented here.
We assume that the serialization order of global sublransactions at each local site can be dctermined at the global level. The GTM can then ensure that the submission of commit operations of global subtransactions is consistent with thcir serialization order. Note that. such cont.rol of the commitment order of global subtransactions will not connict with the maintenance of rccoverability at local sites. If there is a read from [1] relationship between two global sub transactions at a local sitc, then the serialization order of these global subt.ransactions is clearly consistent with thcir commitment order.
Thus, given that the value dependency graphs of global t.ransactions arc acyclic and that each global subt.ransacl.ion commits after a sufficient number of retrials, every global transaction can commit. A commitment protocol can be designed to enforce global committability on global subhistories which preserves the atomicity of global transactions without violation of local autonomy. We shall discuss this issue in the next. section.
Implementation Issues
Building upon the discussion in thc prcvious section, we shall here assume that the value dependency graph of cach global transaction is acyclic. A method of guaranteeing the acyclicity of thc value dcpendency graph of each global transaction appears in [17, 6] . That research proposes a new transaction model for global transactions which permits each global transaction to have more than one subtransaction at a local site.
We here propose to enforce global committability through the global commit protocol. This protocol consists of two phases, a forward commit phase and a backward recovery phase. In order to implement the global commit protocol, the GTM must maintain a serialization order of global transactions and an acyclic value dependency order for each global transaction. The serializat.ion order may be determined either statically before the global transactions are executed or dynamically at run-time, based on the approach to be employed. Without loss of generality, we assume that the static serialization order is used, so that there is a pre-determined total serialization order as an input parameter for the global commit protocol.
The global commit protocol, as outlined below, is invoked after a global sub transaction has completed its read and write operations.
• Forward Commit Phase: When a global subtransaction G ii has completed its read and write operations at local site LSi, the forward commit phase is inil.iated. This process determines: (1) whether any global sub transactions upon which G ii is value dependent have committed at local sites other l.han LSi, and (2) whether any global sub transaction GJ:i which precedes G ii in the pre-determined serializal.ion order has committed at local site LSi' lfboth conditions (1) and (2) are satisfied, then the GTM submits the commit request of the global sub transaction to local site LSi; otherwise, the commit operation of G ii is blocked until conditions (I) and (2) are satisfied .
• Backward Recovery Phase: A global subtransaction Gij at local site LSi may be aborted as a result of failures which have occurred at local sites. When such failures occur, the GTM will be informed of this abort and will then initiate the backward recovery phase. In this phase, abort commands are sent to the corresponding local sites for (1) any global subtransactions at local sites other than LSi that are value dependent upon the aborted sub transaction Gj j , and (2) any global sub transactions at local site LSi that follow G ii in the pre-determined serialization order.
For any aborted global subtransaction, a recursive invocation of the backward recovery phase is executed such that conditions (1) and (2) above are satisfied. The forward commit phase serves to ensure that these global subtransactions have not been commitled. At the close of the backward recovery phase, the GTM then resubmit the aborted sub transactions for execution.
The global commit protocol permits the GTM to submit global subtransactions to a local site in parallel.
Of practical concern is that this protocol may lead to a cascading abort in the backward recovery phase; the abort of a global subtransaction may trigger the abort of further global sub transactions. For instance, the abort of a global subtransaction will lead lo the abort of those global sub transactions which are value dependent upon or serialized after it. These latter aborted global subtransactions may similarly generate the aborting of further global suhtransacLions. If such a cascading abort will create serious difficulties in a particular application, a variation of the strict two-phase locking protocol should be used to control the submission of global transactions at the global level. Using this approach, if GJ;i precedes G ii in the serialization order, then those operations of G ii that connict with those of Gl:i could only be submitted for execution after Gl:j has commitled. A cascading abort would therefore be avoided among global subtransaetions that belong to different global transactions. The reduced concurrency of this method would, however, lead to decreased efficiency. In each application, lhe respective drawbacks of some degree of cascading abort and low concurrency must be taken into consideration in the enforcement of the global commit protocoL For some applications, low concurrency may be preferable to a highly cascading abort; for others, a low degree of cascading abort may be chosen over high concurrency.
The global commit protocol provides an algorithm for maintaining the atomicity of global transactions without placing restrictions at local sites other than serializability and recoverability. One important feature of this protocol is the simplicity of its implementation. We thus expect atomic commitment to be efficiently implemented. In addition, the global commit protocol allows transactions to execute with less blocking than the 2PC protocol, especially when locking protocols [1] are employed at local sites. This is intuitively evident from the observation that global or local transactions can access the resources that have been used by a partially committed global transaction. Forward recovery, however, may be extended by the incorporation of the backward recOVery approach.
For instance, the committed global sllbtransacLion in Example 3 can be easily compensated by releasing the reserved ticket. A global subtransaetion is compensatable if the effect of its execution at a local site can be removed by executing a compensating transaction. In [13] , a unified method involving the retry and compensation approaches has been proposed. This method formulates each global transaction as the combination of a set of cornpensaLable subtransacLions, a seL of retriable sub transactions, and a single pivot subtransaction which is neither compensaLable nor retriable. Any of these three parts can be optional, and no value dependencies may exist among the global subtransactions of a global transaction. Following this global Lransaction model, the compensaLable sub transactions must be committed before the commitment of the pivoL subtransacLion, which in turn must commit before the commitment of the retriable subtransactions.
When the pivot subtransaction commits, the global transaction will commit; otherwise, the global transaction aborts and all committed compensatable sub transactions are compensated.
We can extend the above unified method by allowing value dependencies to be defined on global transactions and by combining global committability with compensation in global subhistories. Let Gi denote the set of compensatable subtransactions in G i , Gi denote the set of retriable subtransactions in Gi, and Gf denote the pivot subtransaction in Gi. Following the discussion of the previous section, the prohibition against Lhe existence of value dependencies among retriable subtransactions can be relaxed by enforcing global committability on the commitment order of retriable sub transactions in CF, as long as VOG(GD is acyclic. Furthermore, since the compensatable subtransadions must commit before the pivot sub transaction, which must in turn commit before the ret.riable subtransactions, each retriable subtransaction can be value dependent on the cornpensatable subtransactions or on the pivot. subtransaction, the pivot subtransaction can be value dependent on the compensatable subtransactions, and each compensatable subtransaction can be value dependent on other compensatable sub transactions, as long as each compensatable subtransaction can still be compensated at a single local site. Note that both the compensatable subtransactions and the pivot sub transaction must not be value dependent on the retriable subtransactions, or a cyclic commitment dependency may be created among these global subt.ransactions. In such a dependency, a retriable subtransaction G ij must commit arler the commitment of both t.he compensatable sub transactions and the pivot subtransaction, but a,'i would also be required to commit before the compensatable subtransactions and the pivot subt.ransact.ion, which are value dependent on Gii' Therefore, the combinat.ion of global committabilit.y with compensation can greatly extend t.he class of global transactions for which the GTM can preserve atomicity without. violation of local autonomy. A detailed discussion of such combination of the forward and backward recovery approaches is beyond the goal of this paper and thus is not. presented here.
Summary
Reliable transaction management. in the MOBS environment has been recognized as a. substantial and as yet unresolved issue in those cases where the component local database systems do not support prepareto-commit states. We have here advanced an approach to the atomic commitment. of global transactions which uses the forward recovery approach t.o preserve the atomicity of global transactions in the MOBS environment.. The approach provides an alternative to t.he 2PC protocol for reliable global transaction management in MDBSs t.hrough the resubmission of aborted global sub transactions.
Global commit.t.abilit.y employs the retry technique and t.he semantics of global t.ransactions to control t.he commitment. order of global subt.ransactions at. the global level. Value dependency relationships among global subtransact.ions present the major obstacle to ensuring that each global subtransaction will be retriable without violating multidatabase consistency. As no restrict.ions are placed on local sit.es, local autonomy is fully preserved. The application of global commit.t.ability is based upon t.he assumption that serializability is maintained on the execution of local and global transactions.
Global committability can be extended by combining it with the compensation, a novel technique of the backward recovery approach. This combination can significantly remedy the drawbacks of each individual approach. Value dependency relat.ionships can be permitted to exist among the global subtransactions of each global t.ransaction, making possible an ext.cnded global t.ransaction model comparable to that proposed in [13] . An extensive class of globallransactions that can be execut.ed in the error-prone MDBS environment without. violat.ion of autonomy can lherefore be formulat.ed.
